Genetic distance measures are indicators of relatedness among populations or species and are useful for reconstructing the historic and phylogenetic relationships among such groups. Classical measures of genetic distance were developed to analyze biochemical and serological polymorphisms, systems which generally show limited variability. However, these traditional measures of genetic distance are inadequate for the analysis of certain classes of variable number tandem repeat (VNTR) loci, which have a larger number of alleles and higher levels of heterozygosity than traditional genetic markers. At the higher levels of heterozygosity observed at these loci, the standard measures of genetic distance are nonlinear and do not account for the mutational mechanisms of hypervariable loci. We have developed a measure of genetic distance, D sw, which is appropriate for the analysis of highly polymorphic DNA loci. Using computer simulations of diverging populations, we show that D SW conforms to linearity and that the variance is similar in magnitude to traditional measures of genetic distance. Comparisons of phylogenetic trees derived from the simulated divergence of human racial groups demonstrate that the branch lengths of trees prepared using Dsw are more similar to the model tree than those generated using other measures. Finally, we demonstrate the applicability of Dsw to evolutionary analysis by reconstructing the relationships among eight human populations using 14 microsatellite and STR loci. The phylogenetic trees generated using D sw are different from trees constructed with traditional measures and better reflect the well-documented ancient divergence of African and non-African populations.
Introduction
The measures of genetic distance commonly used today were devised for use with standard protein electrophoretic and blood group antigenic polymorphisms which have small numbers of alleles and relatively low levels of heterozygosity, with few exceptions (e.g., HLA and PGM). Variable number tandem repeats (VNTRs) are genetic loci at which short sequence motifs are found repeated different numbers of times. VNTRs are very useful genetic markers for biological and biomedical research due to their high heterozygosities and large numbers of alleles resulting from relatively high mutation rates (Jeffreys et al. 1988; Burke at al. 199 1; Pena et al. 1993) . With the introduction of methods based on polymerase chain reaction (PCR) typing of VNTRs (Boer; winkle et al. 1989; Weber and May 1989) , large numbers of VNTR loci can be typed efficiently and used for evo- Mol. Biol. Evol. 12(5):9 14-920. 1995 . 0 1995 by The University of Chicago. All rights reserved. 0137-4038/95/ 12050020$02.00 lutionary studies (Burke at al. 199 1; Pena et al. 1993) . VNTRs are commonly classified into three groups based on the size of the repeat unit: microsatellites (l-2 bp), short tandem repeats (STRs; 3-6 bp), and minisatellites (> 10 bp). Evidence from several sources indicates that microsatellites and STRs mutate via a mechanism which favors small changes (usually one repeat unit) in array length (Levinson and Gutman 1987; Shriver et al. 1993; Weber and Wong 1993) . Such a mechanism can be termed a stepwise mutation mechanism after the mutation/drift model by the same name (Kimura and Ohta 1978) .
One desirable property for a genetic distance measure is that it be linear with respect to the time since the divergence of two populations.
It is known that, under the stepwise mutation model (Kimura and Ohta 1978) , two commonly used genetic distance measures, Nei's minimum genetic distance (&) and Nei's standard genetic distance (&; Nei 1972) , are nonlinear with increasing time when either the time since divergence or the mutation rate is large (Li 1976) . Therefore, we propose a novel measure of genetic distance, Dsw, which is more appropriate for loci with high mutation rates that evolve via stepwise mutation mechanisms.
Using com- (5) where nx and ny are the number of
UC) chromosomes sampled from populations X and Y, rei#j spectively, and jZzi and fj are estimates of the allele frequencies based on such samples. For the estimation of where the summations are over all combinations of dif-Dsw from multilocus data, the averages over all loci of ferent alleles (i # j) at the locus. The quantities, dx, dy, the estimates axw, dyw, dxyw can be used. and dxy are the probabilities that two alleles are different when randomly drawn from two different populations (dxy) or from the same population (dx, and dy). Nei' s Computer simulations of the one-step stepwise (1972) minimum (DM) and standard (Ds) genetic dis-mutation model were performed for an effective poputances can be written as lation size of 10,000 chromosomes (N, = 5,000) at two mutation rates (V = 0.001 and v = 0.0003). Populations
Methods
at mutation/drift equilibrium for the number of alleles and the heterozygosity were duplicated and allowed to diverge (under mutation and drift) for 10,000 genera-
tions. The allele frequency distributions of diverging populations were recorded at 15 different time points
Multilocus extension of these measures is created by ranging from 10 to 10,000 generations (see fig. 1 ). Our taking averages of dx, dy, and dxy over all loci. simulation design allowed for a total of 9,500 pairwise
The stepwise weighted genetic distance measure population comparisons to be made at each time point (Dsw) is an extension of Nei' s minimum genetic distance, for both mutation rates. Equations (1) through (5) were following a suggestion by Rao (1982) . Given that a par-used to calculate DM, Ds, and Dsw. titular locus is evolving via a stepwise mutation mechTo study the effect of the sample size and the numanism, dx, dy, and dxu can be weighted by the absolute ber of loci typed on the variance of Dsw, we repeatedly value of the difference in steps (number of repeats for sampled from the entire population (10,000 chromotandem repeat loci) between the two alleles. That is, somes) for a given sample size and number of loci. For each value of sample size and number of loci, 200 rep-
licates were drawn. Equations ( 1) through (6) were used i#j to estimate DS and Dsw. For these comparisons, the number of generations since divergence was set to 5,000, 7 (&) and the mutation rate was set to v = 0.001.
i+j
We compared Ds and Dsw in terms of the ability to reconstruct a simple phylogenetic tree. Five popula-
(4c) tions, representing the five major races, were simulated.
Times of divergence among the simulated races were set to the generally accepted dates based on archeological evidence (reviewed in Nei and Roychoudhury 1993): 100,000 yr (5,000 generations) ago for the African/nonAfrican split, 60,000 yr (3,000 generations) ago for the Caucasian/Asian split, 40,000 yr (2,000 generations) ago for the Australian-Papuan/Asian split, and 12,000 yr (600 generations) ago for the Amerindian/Asian split. The mutation rate was set to v = 0.00 1, and the effective population size was held constant at N, = 5,000. A total of 300 loci were simulated following this model tree and used to construct phylogenetic trees with Ds and Dsw using the neighbor-joining method of Saitou and Nei ( 1987) .
Results and Discussion
for panel B) were used in these simulations. As expected, Ds does not maintain a linear relationship with the time of divergence; the deviants (Snedecor and Cochran 1967) from linear regression with T, 0.062 for v = 0.0003 and 0.090 for v = 0.00 1, are appreciable, though not significant. In contrast, for both mutation rates the new genetic distance, Dsw, shows a substantially better fit to linearity with T(deviants are 0.007 for v = 0.0003 and 0.006 for v = 0.00 1). Also, with respect to correlations of distance (Ds and Dsw) with time since divergence (T), Dsw shows a better trend of linearity with T than Ds. The correlations of Dsw with T(r = 0.997 for both mutation rates) are significantly larger (P < 0.005) than those of Ds with T (r = 0.969 for v = 0.0003 and 0.954 for v = 0.001). Because DM has a poorer fit to linearity with T than Ds, further presentation of DM is not made.
Since the usefulness of any measure is dependent on the random error inherent in its estimation, we have investigated the difference in the confidence bands of the two genetic distance measures. Figure 2 shows the 90% confidence bands of Ds and Dsw for v = 0.0003
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In figure 1 we show the relationship between time since divergence in generations (T) and the genetic distance as measured by Ds and Dsw from simulated data using average distances between two populations with 9,500 independent replications of divergences. Two and v = 0.001. The confidence bands for Ds and Dsw increase in size as the number of generations since the divergence of the populations increases. At the lower mutation rate, v = 0.0003, the confidence bands are similar in magnitude. For both mutation rates, the 90% confidence band of Dsw is somewhat larger than the confidence band of Ds when T is greater than 3,000. However, even at the longest time point, T = 10,000 generations and the higher mutation rate v = 0.001, the confidence interval of Dsw is only four times larger than that of Ds.
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An important question to address when planning a population genetic survey is how many individuals to sample and how many loci to type. We investigated the effect of increasing sample size and number of loci on the variance of D sw (see table 1 ). At each sample size, the variance consistently decreases as the number of loci is increased. However, sample sizes of greater than 25 individuals do not have an appreciable effect on the variance. For example, the variance of Dsw decreases an average of 4.7% when the sample size is increased from 25 to 50 individuals. When the number of loci is increased from 25 to 50, the variance of Dsw decreases an average of 45.8%. Model tree from which 300 simulated divergences were performed; B, Dsw tree of 300 simulated loci; C, Ds tree of 300 simulated loci.
We next simulated the divergence of five populations representing the five major human races. The dates and orders of the divergences are based on evidence from the archeological record (Nei and Roychoudhury 1993) . We then used Ds and Dsw to reconstruct the phylogenetic trees of the simulated human racial groups. The resulting phylogenetic trees, based on 300 simulated loci, and the tree from which the simulations were modeled, are presented in figure 3. Although Ds and Dsw both give the correct topology with the same bootstrapping values (data not shown), there are striking differences between the two with respect to branch length. Dsw results in branch length estimates which are much closer in size to the branches of the real tree. The branch lengths of the Ds tree are longer for the recently diverged populations and shorter between populations that diverged earlier.
For the first practical application of Dsw, data on eight microsatellite and six STR loci in eight geographically and ethnically defined populations were analyzed. The results are shown in the form of the four phylogenetic trees in figure 4. Notable in both the neighborjoining and the UPGMA trees is the difference in the branch lengths between the Nigerian and the other populations. It is well established that the first branching in the human tree is the ancient divergence of Africans and non-Africans. In the Ds trees, the Nigerian branch is very short, while the D sw trees demonstrate the longer Trees are based on the allele frequency distributions of eight microsatellite and six STR loci. A, neighbor-joining tree (Saitou and Nei 1987) created using &; B, neighbor-joining tree created using Dsw; C, UPGMA tree (Sokal and Michener 1958) created using Ds; D, UPGMA tree created using Dsw.
branch expected separating Nigerians from other populations. In addition, the branches of the Dsw trees are more similar in length, a hallmark of a more linear measure of genetic distance. Overall, the Dsw trees are more consistent with other studies of the divergence of human populations and with the archeological record (CavalliSforza et al. 1988; Nei and Roychoudhury 1993) . Recently, similar analysis of microsatellite data using the DC measure of genetic distance (Cavalli-Sforza and Edwards 1967) has resulted in a tree with a shorter African branch, similar to that observed in the Ds tree (Bowcock et al. 1994) . It is likely that this shorter branch length is due to the fact that DC, like Ds, has a nonlinear relationship with time since divergence (data not shown).
The new genetic distance measure, Dsw, was derived for analysis of the numerous and highly informative microsatellite and STR loci which are being isolated primarily to facilitate the construction of linkage maps (Hearne et al. 1992) . The central assumption in the derivation of Dsw is that microsatellite and STR loci mutate via mechanisms which result in relatively small changes in allele size. It is important, therefore, to discuss the experimental and observational evidence supporting this hypothesis. The strongest evidence that these loci mutate via a stepwise mechanism comes from studies which have identified and characterized individual mutation events. Mutation events for size change in arrays of tandem repeats have been identified in vitro from bacterial selection studies and through the screening of human pedigrees. Tandem arrays of dinucleotide and tetranucleotide repeats have been shown to increase in length when incubated with DNA polymerase under appropriate reaction conditions (Kornberg et al. 1964; Wells et al. 1967a, 19673; Schlotterer and Tautz 1992) . Lengthening of the repeat arrays occurs in small increments and is independent of the initial length of the array. It has also been observed in bacterial selection experiments that 87% of size change events in (CA) repeat arrays were 2 bp in length, and 9% were 4-bp size changes (Levinson and Gutman 1987) . In a second set of bacterial experiments, 9 1% of characterized mutation events in a tetranucleotide array resulted in size changes of one repeat unit (Murphy et al. 1989) . Data from new mutation events identified during typing of microsatellites and STRs in human pedigrees are scarce. The pattern of the mutation events observed in families is very similar to what has been observed in cell culture (i.e., size changes occur in small increments, usually one repeat unit). Of a total of 3 1 mutation events at microsatellite and STR loci, 26 were changes of one repeat unit, four were changes of two repeat units, and one was due to a change of three repeat units (Huang et al. 1992; Kwiatkowski et al. 1992; Bowcock et al. 1993; Mahtani and Willard 1993; Petrukhin et al. 1993; Weber and Wong 1993) . In addition, association studies have shown that alleles with very similar numbers of repeat units often share the same haplotype background near the locus studied (Rieb et al. 1990; Udalova et al. 1993) . It has also been demonstrated that STR allele frequency distributions show virtually no significant deviations from the one-step stepwise mutation/drift population genetic model (Shriver et al. 1993; Valdes et al. 1993) and that many microsatellite loci have only slight deviations consistent with a majority of one-step changes and a low frequency of multistep mutations (Shriver et al. 1993; Di Rienzo et al. 1994) .
In our simulations of the divergence of loci mutating via a one-step stepwise mutation mechanism, we used two mutation rates: v = 0.0003 and v = 0.001. At equilibrium, these rates yield average heterozygosities of 0.7 18 and 0.83 1 and average numbers of alleles of 7.3 and 10.9, respectively (Shriver et al. 1993) . These mutation rates provide a good average (v = 0.00 1) and lower limit (v = 0.0003) for microsatellite and STR loci which are commonly used (Huang et al. 1992; Kwiatkowski et al. 1992; Bowcock et al. 1993; Mahtani and Willard 1993; Petrukhin et al. 1993; Weber and Wong 1993) . For loci with higher levels of heterozygosity, it is expected that the difference between the values of Dsw and Ds will be even greater. We have also shown that Dsw results in phylogenetic trees which have branch lengths closer in size to the branch lengths of the model tree than trees reconstructed using Ds as the measure of genetic distance (see fig. 3 ). In the Ds tree the shorter branches are longer than expected and the longer branches are shorter.
Furthermore, we observe that increasing the number of loci typed has a larger and more appreciable effect on the sampling variance than increasing the sample size (table 1) . In fact, the variance does not change substantially beyond a sample size of 25 individuals. Therefore, to decrease the variance of the genetic distance in a population study, a reasonable approach is to type relatively small numbers of unrelated individuals for a relatively large number of loci. The use of VNTR loci in population genetic and evolutionary investigations has been criticized because they mutate via stepwise mechanisms, and it is thus possible that alleles of a given size are not identical by descent (Kidd et al. 199 1) . We have shown that the stepwise nature of the mutational mechanisms of microsatellite and STR loci need not be a liability because standard measures of genetic distance can be modified in light of this fact to exploit phylogenetic information present in the difference in allele size. Finally, the expected linearity of Dsw with time of population divergence also holds for the stepwise generation of new alleles when the mutant alleles differ from their parental alleles by more than a single step (unpublished data). As a result, D sw can be used in the analysis of microsatellite and STR loci which undergo occasional multistep mutations (Weber and Wong 1993) .
